We have demonstrated that acylphosphatase possesses ATPdiphosphohydrolase (apyrase-like) activity. In fact, acylphosphatase first catalyses the hydrolysis of the γ-phosphate group of nucleoside triphosphates, and then attacks the β-phosphate group of the initially produced nucleoside diphosphates, generating nucleoside monophosphates. In constrast, it binds nucleoside monophosphates but does not catalyse their hydrolyses. The calculated k cat values for the nucleoside triphosphatase activity of acylphosphatase are of the same order of magnitude as those displayed by certain G-proteins. An acidic environment enhances the apyrase-like activity of acylphosphatase. The true nucleotide substrates of acylphosphatase are free nucleoside di-and tri-
INTRODUCTION
Acylphosphatase (EC 3.6.1.7) catalyses the hydrolysis of the carboxyl-phosphate bond contained in metabolites such as acetyl phosphate, 1,3-bisphosphoglycerate and carbamoyl phosphate ( [1] , and citations therein), as well as in proteins such as the β-aspartyl phosphate intermediates formed during the actions of Na + \K + -( [2] , and citations therein) and Ca# + -membrane ion pumps ( [3] , and citations therein). These findings have suggested that the enzyme is involved in the control of some metabolic pathways, and in the control of the ion status of the cells.
Two isoenzymes, coded by two different genes, are expressed in vertebrate tissues. The muscle type (MT) is prevalently expressed in skeletal muscle and heart, whereas the organ common type (CT) is prevalently expressed in erythrocytes, in brain and in testis [4, 5] . The three-dimensional structures of the two isoenzymes are very similar : they consist of a five-stranded anti-parallel twisted β-sheet flanked on one side by two antiparallel α-helices running parallel to the β-sheet [6] . This peculiar acylphosphatase folding is very similar to that of the small RNAbinding domains of several RNA-binding proteins [7, 8] ; in fact, many RNA-binding proteins have modular structures consisting of RNA-binding modules and auxiliary domains, which perform an additional function [9] . This prompted us to investigate the involvement of acylphosphatase in polynucleotide processing. Chiarugi et al. [10] found that acylphosphatase catalyses the hydrolysis of both DNA and RNA. This paper reports a new catalytic activity of the enzyme, demonstrating that acylphosphatase possesses nucleoside triphosphatase (NTPase) and nucleoside diphosphatase (NDPase) activities.
EXPERIMENTAL
Benzoyl phosphate was synthesized according to Camici et al. [11] . Most nucleotides were purchased from Sigma ; ADP was from Boehringer Mannheim (Mannheim, Germany). The DEAE phosphates, as indicated by the Mg# + ion inhibition of the activity. We have also demonstrated that, although nucleoside triphosphates are still hydrolysed at pH 7.2 and 37 mC, in the presence of millimolar Mg# + concentrations this occurs at a lower rate. Taken together with the previously observed strong increase of acylphosphatase levels during induced cell differentiation, our findings suggest that acylphosphatase plays an active role in the differentiation process (as well as in other processes, such as apoptosis) by modulating the ratio between the cellular levels of nucleoside diphosphates and nucleoside triphosphates.
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5PW HPLC column was from Bio-Rad. The recombinant CT and MT wild-type isoenzymes of acylphosphatase were expressed and purified as described previously [12, 13] . The Arg#$ Ala (CT acylphosphatase) and Asn%" Gln (MT acylphosphatase) mutants were obtained by oligonucleotide-directed mutagenesis using a unique-site-elimination (USE) mutagenesis kit based on the USE method developed by Deng and Nickoloff [14] . The mutations were confirmed by DNA sequencing according to the method of Sanger et al. [15] and by amino acid analysis of the purified proteins. The purity of wild type and mutated acylphosphatases was checked by SDS\PAGE, staining protein with a silver nitrate-based method : in each case, a single band at about 11 kDa was present (results not shown). All other reagents were the purest commercially available.
Enzyme assays
NTPase and NDPase activities were assayed at 37 mC by adding the enzyme to test mixtures containing either one nucleoside triphosphate (NTP) or one nucleoside diphosphate (NDP) dissolved in 0.1 M buffer solutions at the indicated pH value. The buffers used were : 2.5-3.6 pH range, sodium formiate ; 3.7-5.8 pH range, sodium acetate ; 5.9-7.0 pH range, sodium cacodylate ; 7.1-8.0 pH range, Tris\acetate. At the appropriate times, aliquots were withdrawn and the released P i was determined as described by Baginski et al. [16] . All assays were performed at least in duplicate, taking into account the non-enzymic hydrolysis of the nucleotides. Acylphosphatase activity was determined at 25 mC using a continuous optical test and benzoyl phosphate as substrate [17] .
Regression analysis
The V max and K m values were obtained by solving the equation
by non-linear regression analysis with the aid of a computer program (FigureP, BioSoft). In each determi-nation, the standard errors for K m and V max were calculated. In the case of inhibition studies, the linear-regression analysis of the double reciprocal plots was also performed with the FigureP program.
HPLC analysis
ATP, ADP and AMP as well as GTP, GDP and GMP were analysed by HPLC using a DEAE 5PW column (7.5i75 mm). Solvent A was 25 mM Tris\HCl buffer, pH 8.0 ; solvent B was buffer A containing 1 M NaCl. The flow rate was 0.8 ml\min. The analysis program was 0-50 % solvent B in 30 min.
RESULTS

ATP, ADP and AMP behave as competitive inhibitors versus the benzoylphosphatase activity of acylphosphatase
We determined the apparent K m and V max values of acylphosphatase for benzoyl phosphate in the presence of increasing concentrations of AMP, ADP and ATP. Figure 1 AMP. Taken together, these findings demonstrate that acylphosphatase binds all three adenosine nucleotides at the enzyme site that also binds benzoyl phosphate, but also that binding strength increases greatly from AMP to ADP and to ATP, suggesting that the β-and γ-phosphate groups of nucleotides contribute to the binding with additional interactions.
Acylphosphatase catalyses the hydrolysis of NTPs and NDPs, but not that of NMPs
We incubated 2 mM ATP or 2 mM GTP (in separate tubes) with acylphosphatase (0.38 µM final concentration) at 37 mC in 0.1 M sodium acetate buffer, pH 5.3. At the indicated times, aliquots were taken and analysed by ion-exchange HPLC using a DEAE 5PW column. Figure 2 shows the HPLC time-course analyses. It can be seen that acylphosphatase is able to produce first ADP and, successively, AMP. Similar HPLC analyses demonstrated that when GTP was used as substrate, GDP and GMP were produced in a time-dependent manner (results not shown). The control experiments were performed under the same conditions, but without enzyme added : under the above experimental conditions very poor spontaneous NTP hydrolyses were recorded (results not shown). Similar experiments performed in the presence of 2 mM EDTA gave identical results, indicating that metal ions are not required for the activity. On the contrary, the Mg# + ion behaves as an inhibitor, suggesting that the free Nucleotide diphosphatase activity of acylphosphatase
Figure 2 HPLC time-course analysis of the products released from ATP by acylphosphatase
A solution of ATP (2 mM) dissolved in 0.1 M sodium acetate buffer, pH 5.3, was incubated with acylphosphatase (0.38 µM) at 37 mC. Aliquots were withdrawn at the indicated times, and HPLC analyses were performed using a DEAE 5PW column (7.5i75 mm) under the conditions described in the text.
nucleotides are the true enzyme substrates. Nevertheless, when 2 mM ATP or GTP are incubated with acylphosphatase in 0.1 M Tris\HCl buffer, pH 7.2, and in the presence of 1 mM Mg# + ions, we observe that acylphosphatase is still able to produce a timedependent release of the respective NDP and NMP, although at lower rates ( Figure 3 ). These findings demonstrate that acylphosphatase also displays this activity under physiological conditions. Enzymes displaying both NTPase and NDPase activities are generally classified as apyrases.
Effect of pH on the main kinetic parameters of the NTPase and NDPase activities of acylphosphatase
We first tested the stability of the enzyme activity (CT isoform) in the 2.5-9.5 pH range. This was done by incubating the enzyme (0.21 µM) in 0.1 M buffers adjusted to the appropriate pH values at 37 mC for 40 min ; the activity was then assayed at pH 5.3 using 5 mM benzoyl phosphate as substrate. Table 1 shows that the enzyme is stable in the 2.5-9.5 pH range.
The main kinetic parameters (K m and V max ) for the ATPase and ADPase activities displayed by acylphosphatase were determined at several pH values, and then the corresponding k cat \K m values were calculated. In general, the pK a values derived from the pH dependence of the kinetic parameter k cat \K m reflect catalytically essential ionization of free enzyme and\or free substrate. In the present case, the substrates (ATP and ADP) can ionize in the pH range studied. In Figure 4 and three slope changes, indicating that the reaction between free enzyme and free substrate must involve at least three ionization processes. For the analysis of k cat \K m , eqn (1) was used :
where A is the value of k cat \K m in the plateau at pH 3-4, B is the value of k cat \K m in the plateau at about pH 6 and K a" , K a# and K a$ are the ionization constants of either free enzyme and\or free substrate (see Figure 4A ). The fitting of eqn (1) very well (r l 0.91). We determined the following values : pK a" , 4.3p0.1 ; pK a# , 5.3p0.2 ; and pK a$ , 6.5p0.1. These findings indicate that the pK a values at pH 4.3 and 6.5 reflect two of the dissociation processes of ATP (pK a$ and pK a% values for ATP determined by titration are 4-4.2 and 6.5, respectively [18] ; the ATP pK a" and pK a# values are 2, outside the pH range we examined [19] ). We note that the maximal k cat \K m values are in the 2.9-4.0 pH range, where the most frequently represented molecular form of ATP is ATP# − (Figure 4B ). By increasing pH from 4 to 5, we can observe that k cat \K m decreases : the ATP# − molar fraction falls while that of ATP$ − increases (see Figure  4B) . Near pH 5.3 the slope of the curve changes suddenly, generating a shoulder. This is consistent with the presence in the free enzyme of one ionizing residue with a pK a value of 5.3. Above pH 6, the molar fraction of ATP% − increases, and this is accompanied by a decrease in k cat \K m , suggesting that the more negative species, ATP% − , is a poor substrate for the enzyme. Figure 4 (C) reports the pH dependence of k cat \K m for the ADPase activity of acylphosphatase. The variation of k cat \K m with pH yielded a bell-shaped curve with a limiting slope of j1 on the acidic side and k1 on the alkaline side. This indicates that the reaction between free enzyme and free substrate must involve two ionization processes. For the analysis of k cat \K m relative to the ADPase activity of acylphosphatase, eqn (2) was used :
where A is the value of k cat \K m in the plateau (i.e. the pHindependent second-order rate constant), and K a" and K a# are the ionization constants of either the free enzyme or of the free substrate. The experimental data fit eqn (2) very well (r l 0.91), and we determined the following values : pK a" , 5.1p0.2 and pK a# , 6.4p0.2. These results indicate that the pK a value of 6.4 reflects one of the ionization processes of ADP (the pK a$ for ADP determined by titration is 6.3 [20] ), while that of 5.1p0.2 reflects one ionization on the free enzyme. This latter value is very close to that calculated from the data of the pH dependence of k cat \K m relative to the ATPase activity displayed by acylphosphatase (5.3p0.2), indicating that the same group in the free enzyme must be deprotonated for optimal binding and catalytic hydrolysis of both ATP$ − and ADP# − , which are the molecular forms most represented in this pH zone (see Figure 4D ). The protonation of the above group does not improve the catalytic hydrolysis of the ATP# − form ; in fact, near pH 3, where ATP# − prevails over the other molecular forms, k cat \K m has the highest values. Furthermore, it can be seen that ATP% − , ADP$ − and ADP − forms are very poor substrates for acylphosphatase. All these findings indicate that the acylphosphatase catalytic pathways for ATP and ADP hydrolyses are very complicated, depending on the affinity and molar fraction of each nucleotide species that is present in solution at different pH values. Lastly, we tested the enzymic properties of the CT and MT isoenzymes of acylphosphatase on other purine and pyrimidine nucleotides. Table 2 reports the apparent K m and k cat \K m values for the hydrolyses of various NTPs and NDPs catalysed by the CT isoenzyme at pH 5.3 and 7.2. Taken together, these data demonstrate that acylphosphatase catalyses the hydrolysis of all nucleotides tested and that pH influences not only the kinetic parameters for adenine nucleotides but also those for the other nucleotides. The enzyme has no hydrolytic activity on NMPs. The K m values for GTP and GDP of CT acylphosphatase are the lowest among NTPs and NDPs, at both pH 5.3 and 7.2, indicating that the CT acylphosphatase active site has the highest affinity for guanosine nucleotides. Furthermore, the k cat \K m values reported in Table 2 also indicate that GTP and GDP are among the most specific nucleotide substrates of acylphosphatase, both at acidic and neutral pHs. Table 2 also shows the kinetic properties relative to the ATPase and ADPase activities of the MT isoenzyme.
Acylphosphatase utilizes the same active site for benzoylphosphatase, ATPase and ADPase activities
In order to test whether the benzoyl phosphate, ATP and ADP hydrolyses are catalysed by the same active site, we measured the ATPase and ADPase activities of two mutants of acylphos- phatase, i.e. Arg#$ Ala (CT isoenzyme) and Asn%" Gln (MT isoenzyme). The two isoenzymes of acylphosphatase share 55 % sequence homology and very similar three-dimensional structures [6] . These two mutants were selected for the following experiments because both Arg#$ and Asn%" are essential residues involved in the enzymic mechanism of benzoyl phosphate hydrolysis [21, 22] . In particular, Arg#$ participates in the binding of the phosphate moiety of the substrate, whereas Asn%" binds the nucleophilic water molecule involved in the chemical step of the catalytic pathway [6] . Table 2 shows that, like benzoyl phosphatase activity [22] , both mutants show a dramatic decrease in k cat \K m values for ATPase and ADPase activities with respect to the nonmutated enzymes, indicating that these two residues are also essential for the catalytic hydrolyses of both ATP and ADP. All of the above findings, together with those concerning the competitive inhibition elicited by the adenosine nucleotides on benzoylphosphatase activity, indicate that acylphosphatase utilizes the same active site for the enzymic hydrolyses of both acylphosphates and nucleotide di-and tri-phosphates.
DISCUSSION
In this paper we have demonstrated that acylphosphatase binds NMPs, NDPs and NTPs, and that it also catalyses the hydrolysis of both NTPs and NDPs, whereas it has no activity on NMPs. Although the enzyme is inhibited by the Mg# + ion (indicating that the true substrates are the free NTPs and NDPs), the HPLC time-course analyses demonstrated that, when incubated with mixtures containing both 2 mM NTPs and 1 mM Mg# + ions at near-neutral pH and 37 mC, acylphosphatase causes the production of both NMPs and NDPs, although at lower rates. Both activities are pH-dependent, and have the highest values in an acidic environment. The experiments on the inhibition of benzoylphosphatase activity by nucleotides, together with those carried out with the two mutants Asn%" Gln and Arg#$ Ala, have indicated that the enzyme utilizes the same active site to perform ATPase, ADPase and benzoylphosphatase catalyses.
Although k cat values for the NTPase and NDPase activities of acylphosphatase are lower than the k cat value for a typical acylphosphatase substrate such as acetyl phosphate [23] , this particular enzyme activity could have relevant functions under physiological conditions. In fact, other GTPase activities, such as those elicited by the Gα subunit of heterotrimeric G-proteins, have k cat values very close to the value elicited by acylphosphatase [24] .
Several studies have suggested some biological roles for acylphosphatase, such as the control of the ionic conditions of the cell [2, 3, 25, 26] or the control of the glycolytic pathway [27, 28] . The control of the ionic conditions of the cell by acylphosphatase is determined by its catalytic activity on the hydrolysis of phosphorylated intermediates (β-aspartylphosphate) of membrane Na + \K + -and Ca# + -ATPases. The findings of Riley et al. [29] suggested that acylphosphatase, which may regulate membrane ion pumps, has a role in tumourigenesis, and particularly in the determination of the metastatic phenotype. In fact these authors performed experiments of differential display comparing gene expression from cell lines (both non-metastatic and metastatic) derived from human colorectal tumours. They found that an acylphosphatase gene is expressed exclusively in a metastatic cell line, and suggested that the enzyme participates in the determination of the metastatic phenotype by altering the Na + \K + -ATPase pump function. They also support this hypothesis by considering the changes in the activity of this ionic pump in 1,2-dimethyhydrazine-induced colonic tumours, as reported by Davies et al. [30] . Concerning the physiological significance of acylphosphatase in the regulation of membrane ion pumps, a recent paper of Nediani et al. [31] strongly supports previous findings : these authors have demonstrated that acylphosphatase behaves differently when regulating Ca# + pumps of sarcoplasmic\endoplasmic reticulum of heart than when regulating fast-twitch skeletal muscle. The addition of physiological concentrations of the enzyme to a preparation of sarcoplasmic reticulum vesicles from heart exhibited a parallel increase in the rates of both ATP hydrolysis and Ca# + transport. In contrast, acylphosphatase addition to sarcoplasmic reticulum vesicles from fast-twitch skeletal muscle caused the uncoupling of the pump, because the stimulation of ATP hydrolysis matched an inhibition of the calcium pump. Using controlled immunoprecipitation experiments, these authors also demonstrated the specific binding between acylphosphatase and heart sarcoplasmic reticulum Ca# + -ATPase.
The present findings on the ATPase activity of acylphosphatase add further support to the previous results on the regulation of glycolysis by this enzyme, and also suggest new ideas concerning the mechanisms by which acylphosphatase controls the glycolytic pathway. In fact, the reported increase in the glycolysis rate associated with the overexpression of the enzyme in yeast [28] may be due not exclusively to the hydrolysis of 1,3-bis-phosphoglycerate (as suggested previously) but also to the hydrolysis of ATP. This idea agrees with the findings of Meyerhof [32] , who reported that addition of ATPase to yeast extracts prepared by autolysis raises the glycolytic rate to that achieved by the addition of arsenate.
Other cellular functions of acylphosphatase are still being debated. Previous studies have demonstrated that overexpression of acylphosphatase is accompanied by cell differentiation [33] [34] [35] , and that the enzyme migrates into the nucleus during differentiation [36] as well as during apoptosis [37] . Our previous findings on the role of acylphosphatase in cell differentiation have indicated that : (i) the level of the acylphosphatase MT isoenzyme increases about 10-fold during myotube differentiation of cultured myoblasts, along with an increase in the levels of musclespecific proteins [33] ; (ii) the ectopic expression of the MT isoenzyme in K562 cells accelerates their erythrocyte differentiation [34] ; (iii) tri-iodothyronine (T $ ), a bland differentiating agent for K562 cells, activates the MT acylphosphatase gene, so that enzyme concentration is enhanced after hormone treatment. In contrast, T $ has no effect on the CT isoform, indicating that the two genes are differently regulated [34] .
Our findings on the NTPase and NDPase activities of acylphosphatase may support previous results on the involvement of the enzyme in differentiation and apoptosis. We suggest that the strong increase in acylphosphatase levels (by about 10-fold) during some differentiation processes causes fluctuations in the levels of NTPs and NDPs. This may result in the alteration of some biological functions, such as those mediated by G-proteins, which are relevant for the differentiation process. Dolfi et al. [25] demonstrated previously that a microinjection of acylphosphatase blocks the Xenopus lae is oocyte maturation induced by Ras-p21, a well-known G-protein that mediates cellular signalling processes. Although these authors have suggested a different mechanism, the observed block of this Ras-p21 biological function could be due to the acylphosphatase-induced GTP hydrolysis in this cell type. Furthermore, other authors have demonstrated that K562 cell differentiation by tiazofurin is accompanied by the early decrease of cellular GTP [38] . Similar considerations can be made for the possible changes in cellular ATP levels caused by the ATPase activity of acylphosphatase during apoptosis. Intracellular acidification is an early event associated with somatostatin-induced apoptosis [39] , as well as with apoptosis induced by cytotoxic insult and by removal of growth factors ( [40] , and citations therein). On the other hand, the present findings demonstrate that acidification may enhance the ATPase activity of acylphosphatase through two different mechanisms : (i) acidification increases the molar fraction of free ATP$ − (which is a good substrate for the enzyme), which also occurs in the presence of Mg# + ions (see [41] ) and (ii) it causes the increase of k cat \K m value ( Figure 4A ). We suggest that acylphosphatase (which is activated by a pH decrease during apoptosis) causes a decrease in the ATP levels contributing to the apoptotic process. In fact, Lieberthal et al. [42] have reported that a limited depletion of ATP causes apoptosis of cultured mouse proximal tubular cells, whereas a severe depletion of ATP induces necrosis. Very recently, we have demonstrated that the transfection of an acylphosphatase gene into NIH-3T3 cell induces apoptosis (E. Giannoni, P. Cirri, P. Paoli, T. Fiaschi, G. Camici, G. Manao, G. Raugei, and G. Ramponi, unpublished work).
The observed NTPase and NDPase activities of acylphosphatase are similar to those displayed by apyrases. These enzymes, which catalyse the sequential release of γ-and β-phosphate groups of NTPs and NDPs, have been found in different organisms [43] . Most of these are membrane-associated ectoenzymes ; one of their putative roles is to modulate the extracellular concentrations of ATP and ADP in different physiological systems. To date, no intracellular enzyme with apyrase activity has been described in the cell.
Finally, our findings suggest that acylphosphatase contains a nucleotide-binding site. A nucleotide-binding sequence motif termed the P-loop has been described for ATP-and GTPbinding proteins [44] . Its primary structure typically consists of a glycine-rich region followed by a conserved lysine. A related structure (GXXGXXK) is involved in the binding of the cofactor 3h-phosphoadenosine-5h-phosphosulphate (PAPS) in sulphotransferases [45] . We have noted that the known MT acylphosphatase isoenzymes generally contain the sequence GVVGW-VK%! (with the exception of the fish MT isoenzyme, which contains R%!), whereas the known CT acylphosphatase isoenzymes contain the sequences GLVGWVQ%! (human, porcine and bovine), GLVGWVK%! (fish) and GLVGWVR%! (chicken) [46] . As can be seen, these sequence stretches are similar to the one involved in PAPS binding in sulphotransferases, and are located next to Asn%", which is an essential residue conserved in all acylphosphatases [46] . All of these observations suggest that the sequence 34-40 of acylphosphatase is involved in nucleotide binding. Further studies, such as site-directed mutagenesis, will be required to directly localize the nucleotide-binding site of this enzyme.
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